INTRODUCTION
============

Fetal circulation has characteristic features, being morphologically and functionally different from extrauterine circulation. From an anatomical standpoint, the ductus arteriosus is part of the right ventricular outflow tract. It plays a fundamental role in directing the blood flow to fetal inferior body parts. Basically, the ductus arteriosus directs 80--85% of the right ventricular output arising from the superior vena cava, coronary sinus, and a small part from the inferior vena cava to descending aorta (Trevett and Cotton, [@b152]). This vessel originates from the distal part of the sixth left aortic arch which connects the left pulmonary artery to dorsal aorta (Bergwerff et al., [@b13]; Stoller et al., [@b141]). Its histological structure is made up predominantly by a thick muscular layer, differently from the aorta and the pulmonary artery, which increases with gestational age. The fibers have a circumferential orientation, especially at the external layers, facilitating and making effective ductal constriction (Ho and Anderson, [@b63]). As a result of these histological characteristics, it is subject to the influence of many factors which mediate its patency. These factors may generate lumen alterations which may cause fetal and neonatal complications, such as heart failure, hydrops, neonatal pulmonary hypertension, and even death (Tarcan et al., [@b149]; Abdel Mohsen and Amin, [@b1]; Babaoglu et al., [@b10]). Classically, maternal administration of indomethacin and/or other antiinflammatory drugs interfere in prostaglandins metabolism, causing ductal constriction (Takami et al., [@b145]; Koren et al., [@b80]; Toyoshima et al., [@b150], [@b151]). However, many cases of fetal ductal constriction, as well as of persistent neonatal pulmonary artery hypertension, remain without an established etiology, being referred as "idiopathic" (Shima et al., [@b134]).

In recent years, a growing body of evidence has shown that herbs, fruits, nuts, and a wide diversity of substances commonly used in daily diet have definitive effects upon the metabolic pathway of inflammation, with consequent inhibition of prostaglandins synthesis (Martinez and Moreno, [@b99]; Di Paola et al., [@b38]). This antiinflammatory action, especially of polyphenols, when ingested during the third trimester of pregnancy, may influence the dynamics of fetal ductus arteriosus flow (Sridharan et al., [@b139]; Kapadia et al., [@b75]; Zielinsky et al., [@b177], [@b178]; Zielinsky et al., [@b174], [@b176], [@b179]; Zielinsky et al., [@b180]; Vian et al., in press). This review has the purpose to approach this new evidence, which may influence dietary orientation during pregnancy.

FETAL DUCTUS ARTERIOSUS AND DUCTAL CONSTRICTION
===============================================

Characteristics of Fetal Ductus Arteriosus
------------------------------------------

The ductus arteriosus originates from the distal portion of the left sixth aortic arch, which connects the left pulmonary artery to dorsal aorta (Bergwerff et al., [@b13]). Its histological structure is formed by an internal elastic membrane, a tunica media muscular layer, and an external adventitial layer. The muscular layer is predominant, which makes the ductal structure different from aorta and pulmonary artery, and increases with gestational age. It has a circumferential orientation, mainly at the external layers, which facilitates and makes effective ductal constriction (Ho and Anderson, [@b63]).

The ductus arteriosus is positioned between the pulmonary artery, near the emergency of left pulmonary artery, and the aorta, at the zone of the isthmus ([Fig. 1](#fig01){ref-type="fig"}). At the aortic-pulmonary plan, around 80--85% of the poorly saturated blood (50% oxygen) ejected by the right ventricle (RV) into the main pulmonary artery passes through the ductus arteriosus to the descending aorta (around 75 ml/min), and as a result will mix with the blood coming from the left ventricle (LV). Due to the high pulmonary vascular resistance, only 15--20% (near 15 ml/min) is directed to the lungs. Approximately 40--50% of the descending aorta flow passes through the umbilical arteries and returns to the placenta for the hematosis. The remaining blood will nourish the organs and the inferior body half (Yajima et al., [@b172]).

![3D image of the normal ductus arteriosus obtained by spatio-temporal imaging correlation (STIC) and its anatomical relationships. LV: left ventricle; RV: right ventricle; PA: pulmonary artery; desc. aorta: descending aorta.](bdrc0099-0256-f1){#fig01}

The ductus arteriosus shows a peculiar differentiation program to prepare itself for postnatal spontaneous closure (Bergwerff et al., [@b13]). There is a relationship between gestational age and the histological maturation of the ductus (Tada et al., [@b143]). The process of fetal intimal thickening starts at the second trimester of pregnancy and is characteristically a continuous process. This mechanism of intimal thickening seems to be linked to prostacyclin synthase (PGI2 synthase), which has a regulating role on ductal patency (Slomp et al., [@b137]). During ductus arteriosus closing, there are higher PGI2 synthase levels in smooth muscle cells at the sites of intimal thickening than in other places. These findings demonstrate the relationship between ductal morphology and the presence of PGI2 synthase (de Reeder et al., [@b35]; Majed and Khalil, [@b94]). Vascular remodeling also seems to be associated with dedifferentiation of the smooth muscle cells and to apoptosis present in the areas of tunica media and intimal layers (Slomp et al., [@b136]).

Hemodynamic alterations during the immediate neonatal period occur at the moment of cessation of placentary blood circulation, lung insufflation, pulmonary vasodilation, and foramen ovale closure. The sudden increase in systemic vascular resistance and the decrease in pulmonary vascular resistance generate a reverse flow through the ductus arteriosus and an abrupt increase in pulmonary flow. Some minutes after birth, 90% of the blood ejected by the RV is directed to the pulmonary arteries. With the decrease in pulmonary vascular resistance there is an increase in pulmonary blood flow, which culminates with ductal occlusion (Obladen, [@b118]; Hong et al., [@b67]). The functional closure of ductus arteriosus is initiated by a mechanism induced by the higher blood oxygen concentration (Coceani, [@b29]). This mechanism, albeit mediated by prostaglandins and endothelins, is intrinsic to smooth muscle cells (Michelakis et al., [@b101]). It is a potentially reversible phenomenon that occurs 8--72 hr after birth, secondary to muscular constriction. After this event, there is a remodeling of the vascular wall, with neointimal formation caused by proliferation and migration of smooth muscle cells from the tunica media to the subendothelial layers. This seems to be the final event of a process which initiates at the second trimester of pregnancy, starting with the accumulation of glycosaminoglycans at the subendothelial region (Slomp et al., [@b137]). Usually, the ductus arteriosus remains patent for some hours or days in the neonatal period.

Physiological closure of the ductus in the term neonate starts with a phase of functional obliteration secondary to the wall vessel muscular constriction. The closure is gradual and is completed more frequently in 10--15 hr after birth (Coceani and Baragatti, [@b30]). Observations in neonates show that the arterial duct start to close at the pulmonary arterial end, and then the constriction spreads to the aorta (Heymann and Rudolph, [@b61]). After completion of ductal occlusion, the arterial ligament is formed (Brezinka et al., [@b18]). If the ductus arteriosus remains patent in a term neonate, this is considered a pathological condition. The premature baby shows a delay in the remodeling process of the tunica media layer and is less responsive to oxygen, probably as a result of the immaturity of the structures (Tynan, [@b155]; Stoller et al., [@b141]).

Relaxing and Constrictive Factors on the Ductus Arteriosus
----------------------------------------------------------

Since the ductus has a predominant muscular layer, its occlusion is influenced by a number of different constrictor and relaxing factors. Relaxing factors are prostaglandins, nitric oxide, and bradycinin, which cause liberation of prostaglandins and nitric oxide. Constrictive factors are oxygen, high doses of bradycinin and autonomic nervous system, both sympathetic and parasympathetic (Heymann and Rudolph, [@b61]). The vasoconstrictive effect is dose-dependent to several neurotransmitters, such as acetylcholine, histamine, serotonin, and catecholamine. With the increase in gestational age, the ductus becomes less sensitive to the dilating effects and more sensitive to constrictive factors (Heymann and Rudolph, [@b61]; Tarcan et al., [@b149]; Levin et al., [@b88]). Production of prostaglandins is dependent on two enzymes which act in different states, cyclo-oxygenase-1 (COX-1), expressed endogenously, and cyclo-oxygenase-2 (COX-2), locally induced during inflammatory processes (Takami et al., [@b145]; Majed and Khalil, [@b94]).

Prostaglandins have been extensively studied, with clear demonstration of its potent vasodilating action upon the ductus arteriosus. However, in recent years, new substances with constrictive and dilating effects on the ductus arteriosus have been described. The dilating action of 3- and 5-phosphodiesterase inhibitors upon fetal and neonatal ductus arteriosus in rodents has been reported (Momma et al., [@b109]; Ichikawa et al., [@b70]). This effect was shown to be more potent in fetuses than in neonates, suggesting that these substances could be useful in primary and secondary fetal ductal constriction, especially in preterm fetuses when compared to term fetuses (Toyoshima et al., [@b150], b). Other substances with dilating effects on the ductus were described, based on the knowledge of the role of endothelin receptors as messengers of postnatal ductal constriction (Coceani et al., [@b31]; Baragatti et al., [@b12]; Hong et al., [@b67]). It was shown that antagonists of endothelin receptors cause potent in vitro inhibition of the constrictive effect of cyclo-oxygenase inhibitors during fetal life, and of the postnatal physiological ductal constriction induced by oxygen (Takizawa et al., [@b146]; Momma et al., [@b107]).

Among the substances with known constrictive effect upon the ductus arteriosus, indomethacin, a cyclo-oxygenase inhibitor used in the treatment of premature labor, is one of the most extensively studied (Sharpe et al., [@b132]; Norton, [@b116]; Levy et al., [@b89]). Fetal ductal constriction may occur after few hours after maternal administration, and its action may last for several weeks. For this reason, the absence of signs of ductal constriction after 24--72 hr of usage does not exclude the diagnosis (Sharpe et al., [@b132]; Dudley and Hardie, [@b39]; Gordon and Samuels, [@b50]; Rasanen and Jouppila, [@b123]; Norton, [@b116]). Ductal sensitivity to indomethacin increases with gestational age, occurring in 5--10% of fetuses with less than 27 weeks, but reaching nearly 100% after 34 weeks, of gestation (Moise et al., [@b103]; Vermillion et al., [@b164]). In addition to indomethacin, it has been shown that several other nonsteroidal antiinflammatory drugs (NSAID), such as nimesulide (Paladini et al., [@b119]), diclofenac (Auer et al., [@b8]), aspirin, matamizole, ibuprofen (Schiessl et al., [@b130]), and many others also have the potential to cause constriction of ductus arteriosus. Selective COX-2 inhibitors, such as rofecoxib (Schiessl et al., [@b130]; Takami et al., [@b145]; Toyoshima et al., [@b150], b), have also shown a constrictive ductal effect on rat and sheep fetuses (Clyman et al., [@b26], b; Takahashi et al., [@b144]; Karadas et al., [@b76]). Sulindac, another prostaglandin inhibitor drug used in premature labor, was demonstrated to have a milder and more transient constrictive effect on fetal ductus than indomethacin (Rasanen and Jouppila, [@b123]). Glucocorticoids also show effects upon ductus arteriosus patency (Clyman et al., [@b26], b; Azancot-Benisty et al., [@b9]), but the pathophysiologic mechanism involved in the alteration of ductal tonus does not seem to be the same. There is apparent reduction in the ductal sensitivity to prostaglandin E2, which may be consequent to inhibition of the enzymatic liberation of arachidonic acid from phospholipids, a step in prostaglandin synthesis preceding cyclo-oxygenase (Hassid, [@b57]). Similar to other antiinflammatory drugs, the ductal effect of glucocorticoid is dose-dependent (Momma et al., [@b108]). Moreover, if associated to selective or nonselective NSAID, glucocorticoids have a synergistic action which increase frequency and severity of ductal constriction; its incidence may double, possibly due to glucocorticoid ability to decrease the ductal sensitivity to prostaglandin (Levy et al., [@b89]; Takami et al., [@b145]). Other experimentally tested substances with proven constrictive action on rat fetuses are retinoic acid (Moise et al., [@b103]; Levy et al., [@b89]; Wu et al., [@b171]; Takami et al., [@b145]), antagonists of prostanoid EP4 receptors (Momma et al., [@b109]; Fan et al., [@b45]; Chen et al., [@b22], [@b23]), and inhibitors of nitric oxide synthesis (L-name) (Takizawa et al., [@b147]; Keller et al., [@b77]; Reese et al., [@b124]; Hsu et al., [@b68]), the latter with proven effects in humans. Recently, a novel mechanism for sustaining postnatal ductal constriction induced by oxygen has been described, based on activation of the enzyme Rho-kinase (Kajimoto et al., [@b74]).

Role of Antiinflammatory Substances on the Genesis of Fetal Ductal Constriction
-------------------------------------------------------------------------------

The action of NSAID results from inhibition of prostaglandin synthesis, by inactivation of cyclo-oxygenases. COX-1 and COX-2 are enzymes involved in prostaglandin, prostacyclin, and thromboxane biosynthesis (Majed and Khalil, [@b94]). This inhibitory mechanism interferes with the synthesis of prostaglandin G~2~, which is a precursor of prostaglandin E~2~ e F~2~ (Sharpe et al., [@b132]; Norton, [@b116]). The use of antiinflammatory drugs during pregnancy for the treatment of premature labor, pre-eclampsia or intrauterine growth restriction through prostaglandin biosynthesis inhibition has allowed the study of the relationship between ductal constriction and cyclo-oxygenase inhibitors. Indomethacin is the drug with prostaglandin inhibiting action most widely reported in the literature. Its inhibitory effect on cyclo-oxygenase is reversible, persisting until the drug is excreted (Gordon and Samuels, [@b50]; Vogel et al., [@b166]). The drug passage through the placentary barrier occurs freely during the second half of pregnancy, being minimal in early gestation (Moise et al., [@b104]). The response to indomethacin is individual in each fetus, and even in a twin pregnancy only one fetus could be affected, which suggests differences in ductus maturation (Hallak et al., [@b53]). The ductus arteriosus becomes more sensitive to indomethacin as gestational age increases, ductal constriction occurring in 5--10% in fetuses with less than 27 weeks, 15--20% in fetuses between 27 and 31 weeks, and 50% at week 32, and near 100% above 34 weeks. The occurrence of ductal constriction before week 27 is uncommon, but there are reports of cases with 22 weeks (Moise, [@b102]).

As already mentioned, many other nonsteroidal antiinflammatory compounds besides indomethacin are potentially involved in ductal constriction, such as nimesulide (Paladini et al., [@b119]), diclofenac (Auer et al., [@b8]), aspirin, metamizole, ibuprofen (Schiessl et al., [@b130]), and others (Koren et al., [@b80]). An experimental study in rats has suggested a gradation in the magnitude of the action of NSAID upon the fetal ductus, as the constrictive effect dose-dependent (Momma et al., [@b106]).

Glucocorticoids are synthetic hormones which mimic the endogenous action of cortisol, a hormone produced by the glomerular zone of the adrenal gland. Glucocorticoids also act on ductal patency. As occurs with the majority of other antiinflammatory substances, this effect is dose-dependent (Momma et al., [@b108]). There is enzymatic liberation of arachidonic acid, blocking prostaglandin synthesis (Hassid, [@b57]), and apparent reduction in sensitivity of the ductus to prostaglandin E~2~. Despite the tendency for premature closure of ductus arteriosus, the mechanism of action seems to be related to a primary alteration of the vessel, decreasing vascular reactivity to the relaxing effects of prostaglandin E~2~, without altering its synthesis (Clyman et al., [@b26], [@b27]; Cooper and Malik, [@b32]). The association of corticosteroids with indomethacin has shown a synergistic effect (Wasserstrum et al., [@b168]), and the incidence of ductal constriction doubles when these drugs are taken together, even though other studies have shown that the incidence of ductal constriction, with glucocorticoid in isolation similar to that of a control group (Levy et al., [@b89]) ([Fig. 2](#fig02){ref-type="fig"}).

![Biosynthesis of eicosanoids and their relationship to NSAID, polyphenols, and corticosteroids. COX-1: cyclo-oxygenase-1; COX-2: cyclo-oxygenase-2; PGE2: prostaglandin E-2; NSAID: nonsteroidal antiinflammatory drugs; ROS: reactive oxygen species; GSH: gluthatione; CAT: catalase.](bdrc0099-0256-f2){#fig02}

Effects of Premature Ductus Arteriosus Constriction
---------------------------------------------------

Premature constriction of ductus arteriosus is followed by fetal hemodynamic repercussion. The higher resistance in the ductus generates blood flow turbulence, with an increase in systolic and diastolic velocities (DVs) and a decrease in ductal pulsatility index (PI). As a result, there is dilation of the pulmonary artery, right atrium, and RV, right to left bulging of the interventricular septum, tricuspid, and pulmonary insufficiency, and systolic and diastolic ventricular dysfunction (Mushiake et al., [@b114]; Paladini et al., [@b119]).

It has been demonstrated in a study in fetuses from 28 to 32 weeks of gestation after indomethacin administration that the drug shows a reversible constrictive effect on the ductus with significant reduction of PI and association with secondary disturbances, mainly in the RV, as a result of the increase in afterload, observed after about 4 hr, and normalization 24 hr after withdrawal of the substance. It was suggested that the hemodynamic alterations secondary to ductal constriction are right ventricular dilation and signs of heart failure, followed by concentric hypertrophy, a decrease in right ventricular chamber caused by mass increase and left ventricular compromise. These ventricular repercussions were more prominent in the presence of tricuspid regurgitation (Eronen et al., [@b44]; Eronen, [@b43]). Flow redirected through the foramen ovale results in left chamber volumetric overload (Harlass et al., [@b56]; Fyfe and Kline, [@b48]; Eronen, [@b43]). The aortic isthmus shows a rapid increase in its sectional area in response to local increased flow (Momma and Ando, [@b105]). This redistribution keeps peripheral perfusion and may explain the findings from clinical experience that show that severe ductal constriction is well tolerated for some days in the human fetus.

Past experimental studies used to speculate that constriction of ductus arteriosus resulted in an increase of the tunica media layer of pulmonary arteries, and generates a secondary increase in intrauterine vascular pulmonary resistance (Levin et al., [@b84], b). The hemodynamic alterations in ductal constriction may be related to pulmonary vascular alterations. In the vast majority of studies directed to increase the knowledge about fetal and neonatal pulmonary arterial hypertension, fetal ductal constriction is the experimental model of choice. In a classical study, administration of indomethacin to fetal lambs was followed by fetal ductal constriction and pulmonary hypertension (Levin et al., [@b86]). Blocking of prostaglandin biosynthesis probably has a direct effect in pulmonary arterioles in mammalian fetuses (Starling and Elliott, [@b140]; Cassin et al., [@b20]). The sustained increase in right ventricular afterload is capable of producing morphological, functional, and hemodynamic modifications, with chronic histological and degenerative alterations of the right ventricular myocardium (Harada et al., [@b54], [@b55]). Severe ductal constriction may interfere in placentary flow and myocardial performance, and may lead to fetal death. If ductal constriction is less severe or chronic, fetal pulmonary arterial hypertension may be a consequence of excessive development of the arteriolar smooth muscular layer and constriction of the pulmonary arterioles. Predominance of the increased thickness of the muscular layer and of the aerial pathway mass is a feature less described in neonatal pulmonary hypertension consequent to other causes (Murphy et al., [@b112], [@b113]). In cases related to maternal drug usage, ventricular dysfunction may reverse after its suspension. However, if this picture is not treated, it may be followed by endocardial ischemia and right ventricular papillary muscles dysfunction, and later on by heart failure, hydrops, and potentially death (Moise, [@b102]). Intrauterine ductal constriction may cause transient or permanent tricuspid regurgitation and neonatal myocardial ischemia (Levin et al., [@b87], [@b84], [@b85]).

In clinical practice, in cases with severe ductal constriction after prostaglandin inhibitory drugs, the suspension of its usage may result in a decrease of ductal velocities and an increase in PI within 24 hr, with posterior normalization of hemodynamic consequences (Vogel et al., [@b166]). Mild cases may be approached with just a decrease in the administered substance concentration, but in every fetus serial echocardiographic follow-up is recommended (Norton, [@b116]).

The evidence of fetal cardiac dysfunction was described as a characteristic feature of fetal closure of ductus arteriosus (Macones and Robinson, [@b93]). In severe cases, interruption of pregnancy may be indicated, with neonatal cardiopulmonary resuscitation. The clinical course after birth depends on the severity of intrauterine right ventricular cardiac insufficiency and to the response to elevation in pulmonary vascular resistance (Hofstadler et al., [@b66]).

Long-term prognosis is still uncertain, but when early evolution is favorable, there are usually no late complications. After the occurrence of fetal heart failure, right ventricular functional abnormalities may persist throughout the neonatal period, even in those patients with a benign outcome.

Diagnosis and Clinical Repercussion of Premature Ductus Arteriosus Constriction
-------------------------------------------------------------------------------

Utilization of echocardiographic and Doppler techniques has allowed that the diagnosis of fetal ductal constriction, formerly possible only in necropsy, could be made in prenatal life (Harada et al., [@b54], b). Fetuses at risk for development of premature constriction of ductus arteriosus could be monitored and submitted to early intervention when necessary.

Echocardiographic diagnosis of fetal ductal constriction is based on the presence, at color Doppler, of turbulent flow in the ductus ([Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}), with increased systolic velocity (SV) (higher than 1.4 m/s), increased DV (higher than 0.30 m/s), and decreased PI (below 2.2). In the first publications, the cutoff point for the PI was described as 1.9 (Huhta et al., [@b69]), but more recent studies have considered a somewhat higher limit ([@b181]; Zielinsky et al., [@b174], b, c). The PI is independent of the ultrasound angle and is useful in the differential diagnosis when there is increased ductal flow without concomitant constriction. This situation may occur when the increased SV is caused by an increase in right ventricular output. The PI does not change with gestational age and should be used to define the diagnosis (Tulzer et al., [@b153]). When there is total occlusion of the ductus arteriosus, absence of transductal flow is considered diagnostic ([Fig. 5](#fig05){ref-type="fig"}). With the increase in afterload secondary to ductal constriction, the fetal heart initially shows proliferative growing and, at later stages, hyperplasia is substituted to apoptosis and a hypertrophic response (van den Hoff et al., [@b158]). There is a characteristic increase in right to left diameters ratio, an increase in pulmonary artery to aorta ratio, and interventricular septum bulging toward the LV (Rasanen and Jouppila, [@b123]) ([Fig. 6](#fig06){ref-type="fig"}).

![Ductal constriction in a 32 weeks fetus exposed to high concentration of polyphenols. Notice the severe narrowing of the ductus, with turbulent flow across the vessel at color flow mapping.](bdrc0099-0256-f3){#fig03}

![Ductal constriction (same case of [Fig. 3](#fig03){ref-type="fig"}). There is a pinpoint obstruction of the ductus, with important turbulent flow at color mapping (arrow).](bdrc0099-0256-f4){#fig04}

![Pulsed Doppler tracing of severe ductal constriction (same case of [Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). There is a high systolic ductal velocity (2.61 m/s), a very high DV (1.42 m/s), and a very low PI (PI = 1.05).](bdrc0099-0256-f5){#fig05}

![2D echocardiogram in ductal constriction (same case of [Figs. 5](#fig05){ref-type="fig"}). Left: four-chamber view showing an increase in right to left ventricular dimensions ratio end a leftward bulging of the interventricular septum (arrow). Right: three-vessel view, demonstrating a pulmonary to aorta diameters disproportion.](bdrc0099-0256-f6){#fig06}

Right ventricular systolic and diastolic function is impaired in fetuses with ductal constriction, assessed by different methods (Harada et al., [@b54], b; Mori et al., [@b111]). The hemodynamic compromise is considered mild when there is mild or no tricuspid and/or pulmonary regurgitation, with normal chambers diameters; moderate in the presence of tricuspid regurgitation with right ventricular dilation without hypertrophy and/or impaired contractility ([Fig. 7](#fig07){ref-type="fig"}), and severe when the tricuspid and/or pulmonary insufficiency is important or there is functional pulmonary atresia, right ventricular dilation with ventricular parietal hypertrophy, and alteration in right ventricular contractile function. The compromise is also considered severe when there is total ductal occlusion or, alternatively, in the presence of a PI lower than 1.0, associated to any degree of hemodynamic repercussion (Harada et al., [@b54], b; Toyoshima et al., [@b150], b). Since the constrictive effect upon the ductus arteriosus is predominantly dose-dependent (Momma et al., [@b106]), it is usual the resolution of hemodynamic alterations after suspension of the causing substances without development of fetal or neonatal cardiac dysfunction (Rudolph, [@b128]; Moise et al., [@b103]; Mari et al., [@b98]; Rasanen and Jouppila, [@b123]; Respondek et al., [@b125]). Even in the presence of a severe ductal constriction after maternal utilization of drugs with prostaglandin inhibiting effect, withdrawal of their use may show reversal of the increased SV and DV within 24 hr, with improvement of the hemodynamic alterations (Rasanen and Jouppila, [@b123]). In some more severe cases, interruption of pregnancy may be necessary, sometimes with immediate cardiopulmonary neonatal resuscitation. Despite not having been established, the association between duration of fetal ductal constriction and the prevalence and severity of neonatal pulmonary hypertension (Tarcan et al., [@b149]) is obviously important to remove the cause as soon as possible, to allow early recovery.

![Doppler color flow mapping of a tricuspid regurgitant jet as a result of severe right ventricular hypertension secondary to ductal constriction (same case of [Figs. 3](#fig06){ref-type="fig"}--[6](#fig06){ref-type="fig"}). RV: right ventricle; RA: right atrium; TI: tricuspid insufficiency.](bdrc0099-0256-f7){#fig07}

The decision to interrupt pregnancy should take into account fetal pulmonary maturity, the severity of clinical and echocardiographic manifestations of ductal constriction, and the presence or not of a progressive pattern. In the immediate neonatal period, the physiologic ductal closure associated to hemodynamic changes usual to this period allows normalization of the cardio-circulatory alterations secondary to the increased right ventricular overload. However, as already mentioned, the prolonged increase in right ventricular pressure, when transmitted to the lungs, may cause a reactive pulmonary arteriolar vasoconstriction with secondary pulmonary artery hypertension, which will need intensive treatment (Coceani, [@b28]). Since persistent pulmonary hypertension of the neonate without cardiac abnormalities occurs in approximately 1/1000 liveborns, and around 23% of the cases do not have a known definitive etiology, very probably many of these cases are secondary to undetected fetal premature constriction of ductus arteriosus (Van Marter et al., [@b162]). Thus, ductal constriction should always be considered an etiological possibility in "idiopathic" neonatal persistent pulmonary hypertension. This disorder carries a bad prognosis and is characterized by postnatal persistence of increased pulmonary vascular resistance, cyanosis due to right-to-left shunts through the foramen ovale and ductus, decreased pulmonary blood flow, and severe hypoxemia (Walsh-Sukys, [@b167]; Abman, [@b2]). Persistent pulmonary hypertension of the newborn has been associated to antenatal exposure to NSAID (Manchester et al., [@b97]; Csaba et al., [@b33]; Goudie and Dossetor, [@b51]; Rubaltelli et al., [@b127]; Wilkinson et al., [@b170]; Turner and Levin, [@b154]; Besinger et al., [@b14]; Norton et al., [@b117]; Alano et al., [@b5]; Tarcan et al., [@b149]; [@b60]), even though a recent case--control study could not confirm this risk (Van Marter et al., [@b161]). In fetal lambs, mechanical occlusion of the fetal ductus arteriosus reproduces the hemodynamic and structural features of persistent pulmonary hypertension of the newborn. Experimental prenatal exposition to NSAID has demonstrated alterations similar to those found in ductal constriction, with increased thickness of the smooth muscle layer of the pulmonary arterial vasculature (Sharpe et al., [@b132]; Heymann and Rudolph, [@b62]; Levin et al., [@b84], b; Lock et al., [@b90]).

BIOLOGICAL EFFECTS OF POLYPHENOL-RICH SUBSTANCES AND THEIR ROLE IN PROSTAGLANDIN INHIBITION
===========================================================================================

Polyphenols
-----------

Polyphenols are chemical structures present in all the superior vegetal organisms. More than 8000 structures are known, and they act on pigmentation, growing, reproduction, and resistance of plants against diseases (Velioglu et al., [@b163]). There are flavonoid and nonflavonoid polyphenols.

Flavonoids represent the major family and are the basic structures of tannins or proanthocyanidins. Tannins and its flavonoids are the best known polyphenols in alimentation, because of their presence in beer and wine, but a wide variety of polyphenols are present in a great number of foods and beverages. Many studies have investigated the cynetic and extension of absorption of polyphenols by mensuration of plasma concentration and urinary or plasmatic excretion (Bravo, [@b17]).

Flavonoids are the most abundant polyphenols in the human diet, and their consumption has triggered the interest of consumers and food industries for many reasons, but mainly because of their biological activity in systems relevant to human health (Scalbert and Williamson, [@b129]). This biological activity is related to antiinflammatory and antioxidant effects (Majewska et al., [@b95]), based on its interference in the inflammatory cascade, with inhibition of prostaglandin synthesis and mediation of nitric oxide synthetase (Fukumoto and Mazza, [@b47]; Nijveldt et al., [@b115]).

Polyphenols with greater importance and literature references are catechins mainly in green and black tea, resveratrol in wine and black grapes, chlorogenic acid in coffee and teas and flavonoids present in fruits and vegetables (USDA, [@b156]).

The principal alimentary sources with higher concentration in polyphenols are herbal teas, mate tea, dark chocolate, fruits, natural juices, vegetables, olive and soy oils, and red wine. Among fruits, the highest concentration of flavonoids is orange, red and purple grapes strawberry and other berries, and black prune and its derivatives. Vegetables with higher polyphenol purple onion concentration are purple onion, green spices, tomato, and derivatives. These foods show a concentration above 30 mg of flavonoids per 100 g of food, representing an amount above the 75th percentile of the USDA database (USDA, [@b156]).

Antiinflammatory and Antioxidant Actions of Polyphenols
-------------------------------------------------------

In recent years, many investigational studies have been trying to ascertain the real therapeutic effect of substances found in nature and commonly used by the general population. Several of these substances have nowadays their antiinflammatory and antioxidant effects (Heijnen et al., [@b58]; Chun et al., [@b25]) scientifically and unequivocally demonstrated upon the chain of production of oxidative stress related to inflammatory mediators such as COX-2 and prostaglandin E2, metalloproteinases, and others. Substances rich in polyphenols are among the most widely used for a variety of reasons, even during pregnancy. The antiinflammatory and antioxidant effects of these substances are secondary to inhibition of the metabolic route of prostaglandin, especially of COX-2, preventing the transformation of arachidonic acid into prostaglandin (Takami et al., [@b145]; Koren et al., [@b80]; Toyoshima et al., [@b150], b). The literature reports on the mechanism of antioxidant and antiinflammatory action of polyphenols, which are beneficial to a large portion of the population, and the scientific evidence of their ethnomedicinal effect show that a large number of molecules derived from functional foods and plants have been isolated and even introduced successfully in the international pharmaceutical industry (Akkol et al., [@b4]). It has been demonstrated unambiguously that the polyphenols decrease oxidative stress (including in pregnancy) (Chen et al., [@b22], b), plasma triglycerides and cholesterol levels (Andujar et al., [@b7]), blood pressure (Mathew et al., [@b100]; Hodgson et al., [@b64], [@b65]), the consequences of gastric hypersecretion (D\'Argenio et al., [@b34]), the development of some neoplasms (Malik et al., [@b96]; Hadi et al., [@b52]; Khan et al., [@b78]) and atherosclerosis (Romain et al., [@b126]; Widmer et al., [@b169]), the manifestations of aging (Andrade and Assuncao, [@b6]), and Alzheimer\'s disease (Valls-Pedret et al., [@b157]), and various other health problems. Polyphenols such as quercitin and kaempferol, among many others, are present in many foods and their antiinflammatory and antinociceptive activities have been shown to be as or more powerful than those of indomethacin (Kupeli et al., [@b82], [@b83]; Valls-Pedret et al., [@b157]).

Green tea, for example, is a compound of young leaves from the plant *Camellia sinensis* (Lorenzi H, Matos FJA, [@b91]). Approximately 30--40% of the leaves\' solid extract is composed of polyphenols, mainly catechins. Among the most important catechins present in green tea are epicatechin, gallate-3-epicatechin, epigallocatechin, and, predominantly, gallate-3-epigallocatechin, with contains 7 g per 100 g of dry leaves. Several in vitro studies, both in animals and in humans, have demonstrated their antioxidant, anticarcinogenic, antiinflammatory, probiotic, and antimicrobial actions secondary to inhibition of endogenous inflammatory response, dependent on the interference on the prostaglandin synthesis pathway (Zhang et al., [@b173]; Smith and Dou, [@b138]; Chen et al., [@b24]; Lorenzi, [@b91]; Di Paola et al., [@b38]). Black tea has also been shown to be rich in catechins, and the tea compound involving theaflavin has been shown to act on nitric oxide and on the liberation of arachidonic acid. It has already been clearly demonstrated that tea drinkers could benefit from the protective cardiovascular effects exerted by this polyphenol-rich substance (Duffy et al., [@b40], [@b41]).

Resveratrol, a polyphenol compound found in grape rind, grape juice, and red wine, is known by its antioxidant, antithrombotic, antiinflammatory, and anticarcinogenic actions (Kris-Etherton et al., [@b81]). Several studies have demonstrated the effect of resveratrol upon the nervous system as well as on the liver and the cardiovascular system. One of the possible mechanisms that explain its biological activity is related to a decrease in liberation of arachidonic acid, thus affecting induction of COX-2, with a consequent reduction in prostaglandin synthesis (Subbaramaiah et al., [@b142]; Martinez and Moreno, [@b99]).

Mate tea, a typical regional beverage very rich in polyphenols, widely consumed in South America, mainly Paraguay, Brazil, Argentina, and Uruguay, is obtained from the dried and minced leaves of *Ilex paraguariensis*. Many studies have demonstrated its potent antineoplasic, antiinflammatory, and antioxidant effects, due to the action of its polyphenolic compounds (Bixby et al., [@b15]).

Orange juice has been shown to have important antioxidant activity as a result of a high content of flavonoids, especially quercitin, and the ability of the phytochemical substance to interact with biomembranes. It was speculated that the daily consumption of orange juice might be useful in providing additional protection against cellular oxidation in vivo (Ito et al., [@b71]).

Dark chocolate shows high concentration of flavonoids and has antiinflammatory properties. It has been demonstrated to have an inverse association with C-reactive protein, in amounts as low as 20 g every 3 days, suggesting that the regular intake of dark chocolate may reduce inflammatory processes (di Giuseppe et al., [@b37]). Since flavonoids modify the production of proinflammatory cytokines, the synthesis of eicosanoids, the activation of platelets, and nitric oxide-mediated mechanisms, a growing body of evidence is available to support a potent action of cocoa flavonoids in inflammation (Selmi et al., [@b131]).

Many other substances rich in polyphenols present in nature commonly used in daily routine by the general population have also shown definite antiinflammatory effects, secondary to inhibition of the prostaglandin synthesis pathway. Examples are boldine, with antiinflammatory and antithermic activities (Backhouse et al., [@b11]), propolis, with antiinflammatory action in asthmatic patients (Khayyal et al., [@b79]), passion fruit, with cytotoxic, antiinflammatory, and scar-promoting effects (Khayyal et al., [@b79]; Silva et al., [@b135]; Montanher et al., [@b110]), tomato and ginseng, also with antiinflammatory action on COX-2 (Jin et al., [@b72]) salvia, with antiinflammatory effects on acute and chronic processes (Bozin et al., [@b16]; Celik and Isik, [@b21]), chamomile, with moderate antioxidant and antimicrobial activity and significant in vitro antiplatelet actions (Della Loggia et al., [@b36]; Pozharitskaya et al., [@b121], [@b122]), and very many others, with variable concentrations of polyphenol substances presenting antiinflammatory and antioxidant effects, all of them by interfering with prostaglandin synthesis ([Fig. 2](#fig02){ref-type="fig"}).

Polyphenols and Pregnancy
-------------------------

A number of food and beverages such as herbal teas, grape and derivatives, orange, chocolate, fruits, and many others, with high concentrations of polyphenols, are freely consumed throughout gestation. Despite the positive effects of polyphenols on general health, as discussed in the previous sections, other studies from our group and others point toward the indication that maternal consumption of polyphenol-rich foods in late pregnancy, specifically in the third trimester, may be harmful to fetal health, as a result of the antiinflammatory and antioxidant effects of these substances on the ductus arteriosus, due to the inhibition of prostaglandin synthesis (Sridharan et al., [@b139]; Kapadia et al., [@b75]; Zielinsky et al., [@b177], b; Zielinsky et al., [@b174], b, c; Zielinsky et al., [@b180]; Vian et al., in press). These findings will be discussed on the next topics.

ALTERATIONS ON FETAL DUCTUS ARTERIOSUS FLOW FOLLOWING MATERNAL INTAKE OF POLYPHENOL-RICH SUBSTANCES
===================================================================================================

Experimental Studies
--------------------

### Experimental study of the role of maternal consumption of green tea, mate tea, and grape juice on fetal ductal constriction

To test the hypothesis that there is a cause-and-effect relationship between maternal exposure of polyphenol-rich substances in late pregnancy and fetal ductal constriction, we administered concentrated amounts of mate tea, green tea, and grape juice to 13 near-term (more than 120 days of pregnancy) ewes as the only source of liquid. Four received mate tea, four green tea, and five grape juice. In all fetuses receiving mate tea and green tea, echocardiographic evidence of ductal constriction was shown after 1 week, with significant increases in systolic and diastolic ductal velocities and decreases in PI. The heart specimens of all five fetal lambs exposed for 1 week to grape juice showed morphological and histological features of ductal constriction, with increased right ventricular diameter, right ventricular hypertrophy, and increased avascular zone thickness at the ductal wall. Four control fetal lambs fed a habitual diet did not show echocardiographic or histological alterations. It was concluded that mate tea, green tea, and grape juice, substances with high content in polyphenols, caused ductus arteriosus constriction in this experimental ovine model (Zielinsky et al., [@b175]). The pathophysiological explanation was that polyphenols present in the administered maternal diet acted in the metabolic cascade of the prostaglandin synthesis and caused ductal constriction and its consequences.

### Fetal ductal constriction caused by maternal ingestion of green tea in late pregnancy: an experimental study

The aim of this study was to test the hypothesis that experimental maternal intake of green tea in late pregnancy causes fetal ductus arteriosus constriction, probably because of prostaglandin inhibition. Twelve fetal lambs (pregnancy \> 120 days) were assessed before and after maternal administration of green tea (*n* = 8) or water (*n* = 4; controls) as the only source of liquid. After 1 week, echocardiography showed signs of constriction of the ductus arteriosus in all fetuses from mothers ingesting green tea, with an increase in mean SV (from 0.70 ± 0.19 m/s to 0.92 ± 0.15 m/s, 31.4%, *p* = 0.001) and mean DV (0.19 ± 0.05 m/s to 0.31 ± 0.01 m/s, 63.1%, *p* \< 0.001), a decrease of PI (2.2 ± 0.4 to 1.8 ± 0.3, 22.2%, *p* = 0.003), and an increase of mean right ventricular/left ventricular diameter ratio (0.89 ± 0.14 to 1.43 ± 0.23, 60.6%, *p* \< 0.001). In the four control fetuses, there were no significant changes. All lambs exposed to green tea also showed dilated and hypertrophic RVs at autopsy, which were not present in control fetuses. Histological analysis showed a significantly larger mean thickness of the medial avascular zone of the ductus arteriosus in fetuses exposed to green tea than in controls (747.6 ± 214.6 mm vs. 255.3 ± 97.9 mm, *p* \< 0.001). This study in fetal lambs showed a cause-and-effect relationship between experimental maternal exposure of green tea and fetal ductus arteriosus constriction in late pregnancy, supporting the findings of the preliminary study (Zielinsky et al., [@b174], b, c).

### Experimental assessment of ductus arteriosus flow, oxidative stress, and polyphenol excretion after maternal polyphenol-rich diet in late pregnancy

Since we had already established that maternal consumption of polyphenol-rich foods interferes with fetal ductus arteriosus flow in humans, probably mediated by prostaglandin E2 inhibition, and that restriction of polyphenols in maternal diet reverses ductal constriction, as discussed later in this manuscript, we aimed to assess experimentally the interrelations of ductal dynamics, oxidative damage, and polyphenol excretion after a controlled diet of polyphenol-rich foods in pregnant sheep. Six pregnant sheep with more than 120 days of gestational age were fed for 2 weeks with a standardized amount of polyphenol-rich foods (basal intake + 3100 mg/day). Fetal ductal systolic and diastolic flow velocities, and PI obtained by Doppler echocardiography, lipid peroxidation represented by plasma thiobarbituric acid reactive substances (TBARS), and urinary excretion of total polyphenols were assessed, before and 14 days after dietary intervention. Multiple comparison tests were used. A significant increase of ductal systolic and diastolic velocities (SV; DV) and a decrease in PI was shown after 14 days of intervention, when compared to the basal state (SV: 1.34 ± 0.01 vs. 0.75 ± 0.05 m/s, *p* \< 0.001, DV: 0.28 ± 0.02 vs. 0.18 ± 0.01 m/s, *p* \< 0.001, PI: 2.04 ± 0.11 vs. 2.54 ± 0.07, *p* \< 0.001), indicating fetal ductal constriction. Urinary total polyphenol excretion increased significantly after intervention (687.47 ± 106.47 vs. 316.79 ± 30.31 mg gallic acid equivalent (GAE)/g creatinine, *p* \< 0.001). A decrease in lipid peroxidation was shown, determined by TBARS levels (15.50 ± 0.20 mM), and by non-proteic reduced thiols after treatment. There was an increase in enzyme catalase and glutathione peroxidase after dietary intervention. Despite having no involvement on lipid damage in ductal constriction, carbanilide proteins caused an increase in proteic damage. The vasoconstrictor and antiinflammatory effects were demonstrated by a decrease in nitric oxide after polyphenol consumption. Oxidative stress was associated with echocardiographic parameters of ductal constriction, through proteic damage with SV (*r* = 0.629, *p* = 0.028), DV (*r* = 0.905, *p* = 0.0001), and PI (*r*= −0.772, *p* = 0.003). Moreover, ductal SV was correlated with catalase (*r* = 0.672, *p* = 0.033) and ductal flow PI, inversely with glutathione peroxidase (*r* = −0.629, *p* = 0.05). Ductal constriction was also negatively associated to inflammatory parameters, as systolic and DVs correlated to nitric oxide (*r* = −0.853, *p* = 0.0004 and *r* = −0.705, *p* = 0.010, respectively), and likewise ductal PI (*r* = 0.599, *p* = 0.039). In addition, both antiinflammatory and antioxidant mechanisms (nitric oxide with glutathione peroxidase, and nitric oxide with catalase) were correlated (*r* = −0.755, *p* = 0.004 and *r* = −0.812, *p* = 0.001, respectively), confirming that both effects could be attributed to polyphenols. In conclusion, elevated experimental maternal polyphenol consumption in ewes induced fetal ductal constriction with increased urinary excretion of total polyphenols and alterations in biomarkers of oxidative stress, characterizing the antioxidant, and antiinflammatory actions of polyphenols (Zielinsky et al., [@b174], b, c; [@b19]).

Clinical Studies
----------------

### Development and validation of a food frequency questionnaire for consumption of polyphenol-rich foods in pregnant women

All clinical studies performed to evaluate the effects of maternal intake polyphenol-rich foods during the third trimester of pregnancy on fetal ductus arteriosus depend on the adequate assessment of its concentration, and there were no validated instruments to quantify total polyphenols in pregnant women. Thus, the aim of this study was to evaluate the reproducibility and validity of a food frequency questionnaire (FFQ) with 52 items, to assess the intake of polyphenol-rich foods in pregnant women in Brazil. This cross-sectional study included 120 pregnant women who participated in nutritional interviews in two moments. The intake of polyphenols estimated by the developed FFQ was compared with the average of two 24-hr recalls (24HR), with the average intake measured by a 3-day food diary (D3days) and with the urinary excretion of total polyphenols. The triangular method was applied to calculate Pearson\'s correlation coefficients, intraclass correlation and Bland--Altman plots for the FFQ, using an independent biochemical marker, in addition to classification by quarters of consumption. The questionnaires were log transformed, adjusted for body mass index and gestational age. The adjustment for energy was applied only at 24HR and D3days. Analysis of the reproducibility between the FFQ showed a very high correlation (*r* = 0.72; *p* \< 0.05). A low but significant association was observed between the FFQ and urinary excretion (0.23; *p* = 0.01), as is usual in this kind of cooperation. The association between the dietary survey methods varied from moderate to very high (*r* = 0.36 to *r* = 0.72; *p* \< 0.001). In conclusion, this questionnaire showed reproducibility and validity for the quantification of consumption of total polyphenols in pregnant women (Vian et al., in press).

### Maternal consumption of polyphenol-rich foods in late pregnancy and fetal ductus arteriosus flow dynamics

We hypothesized that polyphenols or flavonoids present in food and beverages commonly consumed by pregnant women could influence ductal flow dynamics, probably by inhibition of prostaglandin synthesis, and thus be a risk factor for ductal constriction. With that in mind, we compared ductal flow behavior and right ventricular size in third-trimester fetuses exposed and not exposed to polyphenol-rich foods and beverages via maternal consumption, to test the hypothesis that maternal consumption of polyphenol-rich foods during the third trimester interferes with fetal ductal dynamics. In a prospective analysis, Doppler ductal velocities and right-to-left ventricular dimensions ratio of 102 normal fetuses exposed to polyphenol-rich foods (daily estimated maternal consumption above the 75th percentile, or 1089 mg, as previously determined) were compared with 41 normal unexposed fetuses (polyphenol ingestion below the 25th percentile, or 127 mg). In the exposed fetuses, ductal velocities were higher (systolic: 0.96 ± 0.23 m/s; diastolic: 0.17 ± 0.05 m/s) and right-to-left ventricular ratio was higher (1.23 ± 0.23) than in unexposed fetuses (systolic: 0.61 ± 0.18 m/s, *p* \< 0.001; diastolic: 0.11 ± 0.04 m/s, *p* =0.011; right-to-left ventricular ratio: 0.94 ± 0.14, *p* \< 0.001). We concluded that since it was shown that polyphenol-rich foods intake in late gestation may trigger alterations in fetal ductal dynamics, changes in perinatal dietary orientation should be recommended, with the purpose to decrease maternal polyphenol ingestion (Zielinsky et al., [@b177], b).

### Reversal of fetal ductal constriction after maternal restriction of polyphenol-rich foods: an open clinical trial

Ductal constriction has long been related to inhibition of the prostaglandin synthesis pathway, mainly as a result of maternal intake of nonsteroidal antiinflammatory in the third trimester of pregnancy. Constriction of fetal ductus arteriosus is a risk factor for pulmonary hypertension in the newborn period, with its known severe consequences. For several years, many reports have been discussing the high prevalence of ductus constriction in the absence of a known trigger effect. It has been discussed that other extrinsic factors, in addition to NSAID, could be involved in the genesis of this important clinical situation. We and others have already suggested that maternal ingestion of polyphenol-rich foods in late pregnancy, such as herbal teas, grape juice, dark chocolate, and others, could be associated to fetal ductal constriction. Experimental studies in fetal lambs have supported this hypothesis, showing a cause and effect relationship of maternal consumption of green tea and other polyphenol-rich substances with constriction of fetal ductus arteriosus in the animal model. In the human setting, we have demonstrated that fetuses exposed to a maternal diet rich in polyphenols in the third trimester show higher ductal velocities and lower pulsatility indexes, as well as larger RVs, than those exposed to minimal amounts of these substances. The rationale for understanding the behavior of fetal ductal arteriosus flow dynamics after maternal ingestion of polyphenols in late pregnancy is that these substances have definite antiinflammatory and antioxidant effects, largely reported in the literature, based on the inhibition of COX-2 or other components of the metabolic cascade resulting in prostaglandins biosynthesis. These actions are similar to that involved in prostaglandin inhibition caused by NSAID. Thus, the purpose of this study was to test the hypothesis that fetuses with constriction of ductus arteriosus and no history of maternal ingestion of NSAID, but whose mothers have used PRF in the third trimester, show complete reversal of the ductal constrictive effect and its hemodynamics consequences after maternal dietary intervention aimed at restriction of these substances. A controlled clinical trial of 51 third trimester fetuses with ductal constriction with no history of NSAID intake was designed. All mothers were submitted to a FFQ and were oriented to PRF withdrawal, being reassessed after 3 weeks. Doppler parameters were assessed before and after discontinuation of these substances. A control group of 26 third trimester normal fetuses, with no ductus arteriosus constriction, in which no dietary intervention was offered, was reviewed after 3 weeks. Student\'s *t* test and Wilcoxon\'s test were used. Mean gestational age was 32 ± 3 weeks (28--37 weeks). After discontinuation of polyphenol-rich foods for three weeks or more, by means of a detailed nutritional intervention, with adequate substitution of essential nutrients, 48/51 fetuses (96%) showed complete reversal of ductal constriction, with decreases in mean ductal SV (1.74 ± 0.20 m/s to 1.31 ± 0.34 m/s, *p* \< 0.001), mean DV (0.33 ± 0.09 m/s to 0.21 ± 0.07 m/s, *p* \< 0.001), and mean right to left ventricular dimension ratio (1.37 ± 0.26 to 1.12 ± 0.17, *p* \< 0.001), and an increase in mean ductal PI (1.98 ± 0.36 to 2.46 ± 0.23, *p* \< 0.001). Median daily maternal consumption of polyphenol-rich foods was 286 mg per day and decreased after orientation to 0 mg per day, *p* \< 0.001. In the control group, with gestational age of 32 ± 4 weeks (29--37 weeks), there were no significant differences in median daily maternal consumption of polyphenol-rich foods, mean ductal SV, DV, PI, and right ventricular to left ventricular diameter ratio. This behavior is similar to that already widely reported upon the withdrawal of NSAID in fetuses with constriction of ductus arteriosus caused by those pharmacological agents, when there is habitual regression of the disorder. The original conclusion of this controlled clinical trial was that reduction of maternal polyphenol intake during pregnancy, especially in the third trimester, is followed by complete reversal of ductal constriction, which may reduce the risk of neonatal hypertension and influence maternal dietary habits in late pregnancy (Zielinsky et al., [@b174], b, c).

### Restriction of polyphenols and fetal ductal flow in normal pregnancies: an open clinical trial

Since we had have demonstrated reversal of fetal ductal constriction after dietary maternal restriction of polyphenol-rich foods, due to its inhibitory action on prostaglandin synthesis, we tested the hypothesis that normal third trimester fetuses also improve ductus arteriosus dynamics after maternal restriction of polyphenols. We designed a controlled clinical trial with 46 fetuses with gestational age equal to or above 28 weeks submitted to two Doppler echocardiographic studies with an interval of at least 2 weeks, as the examiners were blinded to maternal dietary habits. A validated FFQ was applied and a diet based on polyphenol-poor foods (less than 30 mg/100 mg) was recommended. A control group of 26 third trimester fetuses was submitted to the same protocol. Statistics used *t* test for independent samples. Mean gestational age was 33 ± 2 weeks. Mean daily maternal estimated polyphenol intake was 1277 mg, decreasing to 126 mg after dietary orientation (*p* = 0.0001). Significant decreases in systolic (SV) and diastolic (DV) ductal velocities, and RV/LV diameters ratio, as well as increase in ductal pulsatility index (PI) were observed \[SV = 1.2 ± 0.4 m/s (0.7--1.6) to 0.9 ± 0.3 m/s (0.6--1.3) (*p* = 0.018); DV = 0.21 ± 0.09 m/s (0.15--0.32) to 0.18 ± 0.06 m/s (0.11--0.25) (*p* = 0.016); RV/LV ratio = 1.3 ± 0.2 (0.9--1.4) to 1.1 ± 0.2 (0.8--1.3) (*p* = 0.004); ductal PI = 2.2 ± 0.03 (2.0--2.7) to 2.4 ± 0.4 (2.2--2.9) (*p* = 0.04)\]. In the control group, with gestational age of 32 ± 4 weeks, there were no significant differences in DMPI, mean SDV, DDV, PI, and RV/LV ratio.

This study demonstrated that, as already reported for fetuses with ductal constriction, dietary intervention for restricting for a period of 2 weeks or more the intake of foods rich in polyphenols by pregnant women in the third trimester improves ductus arteriosus flow dynamics and decreases the RV size in normal fetuses. Ductal constriction is a noncategorical, "yes or no" phenomenon, but rather a continuous spectrum with increasing severity related to the clinical manifestations of right ventricular overload, tricuspid and/or pulmonary regurgitation, and Doppler-echocardiographic findings of increased systolic and mainly diastolic ductal flow velocities as well as decreased ductal PI. Therefore, it seems logical to consider that the initial changes, even though still not filling in the classic criteria of constriction, can develop into more serious forms, exceeding the established diagnostic cutoff points. The sample assessed in this study comprised normal fetuses, with exclusion of those who already had a diagnosis of ductal constriction, to demonstrate how the nutritional guidance can decrease the potential risk for development of the disease. This new data can influence obstetric monitoring and guidance of the eating habits of pregnant women at late pregnancy (Zielinsky et al., [@b180]).

### Case reports and other studies relating maternal polyphenol ingestion to ductal constriction

#### Premature constriction of the fetal ductus arteriosus following the maternal consumption of camomile herbal tea

The authors have observed two cases of premature ductal constriction associated with the maternal consumption of camomile tea, both of which without history of NSAID. In the first patient, withdrawal of the camomile from the diet resulted in complete reversal of the echocardiographic signs of ductal constriction, and in the second, diagnosed at 35 weeks with signs of severe ductal constriction, pregnancy was interrupted, with good neonatal outcome. The authors advocate caution with the use of camomile tea in late pregnancy, particularly if other prostaglandin antagonists are used concomitantly (Sridharan et al., [@b139]).

#### Prenatal closure of the ductus arteriosus and maternal ingestion of anthocyanins

The authors report a case of prenatal ductus arteriosus closure after maternal ingestion of MonaVie, a juice blend containing the cyclooxygenase and nitric oxide synthase inhibitors, anthocyanins and proanthocyanidins. A G~2~P~0~Ab~1~ woman had an uncomplicated first and second trimester and normal 20-week fetal ultrasound. At 37 weeks, she developed polyhydramnios; a fetal echocardiogram showed right atrial and ventricular enlargement with right ventricular dysfunction. Immediately after birth, there was pulmonary hypertension by echocardiogram with ductal complete closure, severe right ventricular hypertrophy and dysfunction, and marked right-to-left atrial shunting. Improvement occurred over 3 weeks with the neonate tolerating room air and a follow-up echocardiogram showing minimal atrial shunting and improved RV function. This report shows an association between MonaVie ingestion throughout pregnancy and prenatal ductal closure resulting in cardiac dysfunction and pulmonary hypertension at birth. The authors propose that placental transport of and recommend pregnant women not to ingest dietary supplements containing proanthocyanidins and anthocyanins until their metabolism and placental transport have been examined (Kapadia et al., [@b75]).

#### Functional foods for the fetus?

In this case report, the authors present a case of premature closure of the ductus arteriosus associated to maternal consumption of functional foods containing anthocyanins. A 36-year-old primigravid woman was referred to their hospital because of fetal pleural effusion at 38 weeks of gestation. Her prenatal course had been uneventful, and fetal ultrasound at 35 weeks of gestation showed no abnormalities. She had no significant medical history and declined medications, including NSAID. A detailed dietary history was taken, which revealed that she had ingested concentrated prune berry (40 g/day) and violet vegetable juice (200 ml/day) as functional foods for the last 10 days. Detailed ultrasound demonstrated a large-for-date fetus, with a moderate amount of ascites and pleural effusion. Fetal echocardiography revealed a dilated and hypertrophic RV with decreased movement. Color flow Doppler echocardiography depicted no flow signal documented into the dilated pulmonary trunk, indicating functional pulmonary atresia. As the ductus was not detected on ultrasound, the fetus was diagnosed to have heart failure due to premature ductal closure. A baby was delivered by emergency cesarean section because of the risk of progressive heart failure. The neonate was cyanotic and was cared for under mechanical ventilation in the intensive care unit. Echocardiography immediately after birth demonstrated low-grade right ventricular dysfunction with the ductal closure. The mother had started taking prune extracts and violet vegetable juice at 36 weeks of gestation for the first time and continued until delivery. Prune extracts are the dried fruits of certain cultivars of *Prunus domestica*, and have recently been promoted as antioxidants. They contain anthocyanins, and in vitro assays have shown that prunes have the highest antioxidative capacity among dried fruits. The violet vegetable juice the patient ingested is a blend of 18 vegetables and nine fruits that contains 20 mg/200 ml anthocyanins. Therefore, prune extracts and violet vegetable juice could trigger ductal closure, although placental transport of anthocyanins is not fully understood. The authors also conclude that special care must be taken when consuming functional foods in late pregnancy (Tanaka et al., [@b148]).

#### Idiopathic severe constriction of the fetal ductus arteriosus: a possible underestimated pathophysiology

A case of idiopathic fetal ductal constriction is reported, in which the diagnosis was confirmed by ultrasound at 38 weeks of gestation. The baby was born by Cesarean section, and her postnatal course was mild; transient tachypnea requiring only several days of supplemental oxygen with spontaneous regression of the abnormal echocardiographic findings by 3 months of age. The authors comment that idiopathic intrauterine constriction/closure of the ductus arteriosus, which is distinct from that secondary to maternal exposure to NSAID, such as indomethacin, or structural cardiac defect, is an uncommon event that often results in severe fetal--neonatal morbidity and mortality. They also state that fetal ductus arteriosus constriction may be underestimated, particularly with a negative history of maternal drug exposure and mild postnatal clinical presentation, and they discuss our belief that a maternal polyphenol-rich diet may influence fetal ductal flow dynamics and be a risk factor for constriction or even closure. They also comment on our findings that fetuses exposed to maternal polyphenol-rich diets have a narrowing tendency in the ductus arteriosus and larger dimensions on the right side of the heart, when compared to unexposed fetuses in a prospective analysis using fetal echocardiographic evaluation. Their conclusion is that pregnant women and their clinicians should be more alert of dietary orientation during pregnancy and take preventive actions, implying reduced maternal polyphenol intake (Shima et al., [@b134]).

#### Idiopathic constriction of the fetal ductus arteriosus: three cases and review of the literature

This series describes diagnosis of fetal ductus arteriosus constriction of "unknown" etiology in three cases, their prenatal management, and outcomes. They state that constriction of the ductus arteriosus can be diagnosed prenatally with careful interrogation of the ductal arch using pulsed Doppler sonography and complete fetal echocardiography. They discuss that premature closure of the ductus arteriosus can lead to progressive right heart dysfunction with tricuspid regurgitation, congestive heart failure, fetal hydrops, and intrauterine death, and that close monitoring is mandatory to rule out development of right heart failure and to determine the intervention time. The authors comment that ductus arteriosus constriction has been associated with maternal consumption of polyphenol-rich beverages, and that constriction caused by these substances is reversible, with its discontinuation resulting in echocardiographic improvement in most cases. They conclude that a history of taking NSAID or polyphenol-rich foods should be sought (Enzensberger et al., [@b42]).

Ongoing Studies and Next Steps
------------------------------

### Association of neonatal pulmonary hypertension and maternal diet rich in polyphenols in late pregnancy

This project is designed as a case--control study, in which the study factor is the maternal intake of polyphenol-rich substances during the third trimester (consumption above the 75th percentile) and the outcome the presence of neonatal pulmonary hypertension. For each case, three paired controls will be studied, in which the maternal consumption of polyphenols is below the 25th percentile, to test the hypothesis that pulmonary hypertension is more frequent in the presence of a higher polyphenol consumption, as a result of fetal ductal constriction.

### Role of oxidative stress, inflammation, prostaglandin levels, and maternal polyphenol consumption in regression of fetal ductal constriction: a controlled clinical trial

This ongoing study aims to establish the correlations between biomarkers of oxidative stress, inflammation cascade, prostaglandin levels, and maternal polyphenol consumption in the presence of fetal ductal constriction and at the end of at least 2 weeks of maternal dietary intervention, after the expected reversal of the disorder. A control group without signs of fetal ductal constriction follows the same protocol, but without the dietary intervention.

### A double-blind randomized clinical trial placebo-controlled of polyphenol supplementation in non-pregnant women at childbearing age

The purpose of this study is to test the hypothesis that polyphenol supplementation to non-pregnant women at childbearing age interfere with prostaglandin synthesis, decreasing its levels, and at the same time decreasing markers of inflammation and oxidative stress.

### Experimental studies on the mechanism of fetal construction

This ongoing study in rodents aims to explore the molecular basis of fetal ductal constriction after administration of polyphenol-rich substances. The hypothesis to be tested, using Western Blot, is that acute administration of polyphenols inhibits the expression of COX-2 on the fetal vasculature, resulting in ductal constriction.

### A multicenter international registry of reversal of fetal ductus arteriosus constriction after maternal nutritional intervention to decrease consumption of polyphenol-rich foods in late pregnancy

To follow up with our published study from a single institution, this registry would increase the strength of evidence studying a large number of patients around the world using the same methodology, preceded by local validation of the FFQ in each center, to take into account variations in polyphenol concentrations in different soils, fruits, and plants.

FINAL CONSIDERATIONS
====================

When the level of evidence regarding the recommendation of avoidance of polyphenol-rich substances by pregnant women, at the third trimester, is critically analyzed, an important question naturally arises: why not to have performed or to perform a randomized clinical trial to obtain the strongest possible evidence of this action, at the apex of the pyramid? Such a study, in simple terms, would try to resolve the research problem of the value of nutritional intervention (restriction of polyphenols in maternal diet) against no intervention, in the presence of fetal ductal constriction without history of prenatal exposure to NSAID. In this hypothetical trial, the study factor would be the restriction of maternal intake of polyphenol-rich foods in fetuses with ductal constriction in late pregnancy and the outcome the improvement of fetal echocardiographic signs of ductal constriction, a decrease in systolic and diastolic ductal velocities, an increase in PI, a decrease in right to left ventricular diameters ratio, and pulmonary artery to aorta dimensions ratio, of flow turbulence, sepal bulging, and tricuspid regurgitation. Would there be equipoise in a randomized clinical trial with the proposed intervention and outcomes (Freedman, [@b46]; Hellman and Hellman, [@b59]; Joffe and Miller, [@b73]; Petticrew et al., [@b120]; Sheehan et al., in press)? In other words, would it be ethical to perform a randomized clinical trial to assess the benefit of polyphenol restriction in maternal diet at the third trimester in the presence of ductal constriction? The answer to that question, considering the conceptual model to obtain a state of equipoise, is "no"! Such a state of equipoise needs the triangular interrelationship of the three points: (1) definite benefit of the study to society; (2) doubt of the investigator about the intervention effectiveness; (3) safety of all the subjects in the two arms of the clinical trial (Freedman, [@b46]; Gifford, [@b49]; van der Graaf and van Delden, [@b159], [@b160]; Adibe and St. Peter, [@b3]). Even though there is a clear benefit to society in defining if maternal nutritional intervention, decreasing maternal intake of polyphenols in late pregnancy, improves fetal ductal constriction, the two remaining points of the triangle of the conceptual model of equipoise are not fulfilled. The uncertainty about the effectiveness of maternal restriction of polyphenols is no longer present, based on the previous published studies herein disclosed and, most importantly, safety in the two arms of a randomized clinical trial, in which one of them would not receive a clearly effective intervention, cannot be established. The deleterious effects of ductal constriction upon fetal hemodynamics and the risk of pulmonary arterial hypertension secondary to this functional disorder are well known. There are no reports in the literature of spontaneous reversal of ductal constriction, without removal of the causal factor. How to submit the control group to the risk of keeping the ductus constricted, with all its potential complications? In summary, a randomized clinical trial to assess the effect of maternal dietary intervention in fetuses with ductal constriction, with the level of evidence accumulated today, do not fulfill the equipoise principles, and for this reason cannot be considered ethical.

The evidence already available recommends (Class II, level A) a note of caution with regard to the consumption by women in the third trimester of pregnancy of foods with high concentrations of polyphenols, to avoid triggering constriction of ductus arteriosus, with its potential harmful consequences, such as fetal and neonatal heart failure and pulmonary arterial hypertension of the newborn.
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